To analyze TA, we describe a polyacrylamide gel electrophoresis (PAGE) method for both WTA and LTA.
Although the S. aureus TA polymer backbones are structurally similar and common methods can be used to analyze their composition, WTA and LTA isolation requires specific extraction methods and care must be taken to prevent cross contamination between polymers. WTA is isolated from the crude peptidoglycan sacculus after thorough washing with detergent to remove LTA. Hydrolysis with either sodium hydroxide or trichloroacetic acid is then used to liberate water soluble WTA from peptidoglycan (Meredith et al., 2008) . It is often advisable to extract parallel WTA samples using both methods, as acid/base labile side chain modifications may be inadvertently cleaved during isolation and subsequently overlooked. For instance, D-ala esters are readily cleaved under moderately basic conditions (Morath et al., 2001) . To obtain membrane-bound LTA, cells are counter extracted with 1-butanol to disrupt the phospholipid bilayer (Morath et al., 2001; Draing et al., 2006; Gründling and Schneewind, 2007) . WTA remains insoluble in the cell remnant pellet, while more hydrophobic phospholipids partition into the organic phase. Once clarified, the aqueous phase is enriched with highly charged polyanionic LTA.
Either crude WTA or LTA extract can then be initially analyzed by PAGE (Wolters et al., 1990; Pollack and Neuhaus, 1994) . While WTA can be loaded directly, LTA PAGE resolution benefits from pretreatment with lipases to deacylate the diacylglycerol anchor (Kho and Meredith, 2018) . The distinctive "laddering" of bands in TA-PAGE results from TA chain lengths whereby each subsequent band represents a polymer chain length of n + 1 ( Figure 1 ). The relative abundance and polymer length profile can be evaluated, as well as the presence of heterogeneous side chain modifications which induce an ill-defined smear upon TA visualization. TA can be visualized by immunoblotting with α-TA antibodies (Wörmann et al., 2011) , or directly imaged using the cationic dye Alcian blue coupled with modified silver staining for enhanced sensitivity (Meredith et al., 2008; Kho and Meredith, 2018 ).
To elucidate the TA structure, composition and degree of modifications, extraction protocols can be scaled up and nuclear magnetic resonance (NMR) and electrospray ionization mass spectrometry (ESI-MS) used for subsequent characterization (Bernal et al., 2009; Eugster and Loessner, 2011; Shen et al., 2017) . Although purity is often adequate for NMR analysis of hydrolyzed WTA at this stage (Figure 3 ), hydrophobic interaction chromatography is used for further purification of LTA (Morath et al., 2001) .
Anion exchange chromatography is a convenient method for further purification of either polymer (Fischer et al., 1993; Kim et al., 2005; Eugster and Loessner, 2011) . Purified and intact LTA can be analyzed directly by NMR (Figure 3 ) but ESI-MS analysis of TA monomers is a particularly sensitive approach for detection of low abundance modifications. Hydrofluoric acid (HF)-catalyzed TA depolymerization through dephosphorylation has been developed for WTA (Eugster and 22. Store at -20 °C or proceed with TA-PAGE.
Teichoic acid PAGE and staining

Polyacrylamide gel electrophoresis (PAGE)
1. Fill the gel cooling core with dH2O and chill at 4 °C. 12. Allow the gel to solidify.
13. Gently remove the gel comb and straighten the wells with a gel loading tip if necessary.
14. Assemble the gel apparatus by first wetting the gasket and locking the gel in position. Copyright 16. Pour the remaining running buffer into the gel tank.
17. Prior to loading the wells, wash out the wells with a 1,000 μl pipet by pipetting running buffer into wells. 
Notes
Crude wall teichoic acid (WTA) extraction for PAGE 1. If necessary, instead of using 1 ml of 0.1 M NaOH, WTA hydrolysis can be performed in 1 ml of 5% TCA at 4 °C for 45 h before neutralization with 36.5 μl of 10 M NaOH and 100 μl of 1 M TrisHCl, pH 7.8. Although this might yield slightly "cleaner" WTA, D-alanine modifications might remain intact and affect PAGE resolution.
2. WTA hydrolysis incubation periods with either acid or base may have to be adjusted for a particular strain of interest in order to minimize TA chain hydrolysis (seen as time-dependent faster-migrating bands in TA-PAGE) while retaining acceptable WTA yield.
3. This protocol should yield at least 0.5 μg of crude WTA if lyophilized.
Crude lipoteichoic acid (LTA) extraction for PAGE 1. 10 OD/ml of exponentially growing cells can be used instead. 2. Alcian blue 8GX should be dissolved in MilliQ dH2O with 3% acetic acid to maintain dye solubility.
High purity dH2O should be used with all Alcian blue 8GX solutions.
3. Alcian blue staining alone may be sufficient to visualize TA bands if the sample is concentrated.
4. Gently handle the gel by the edges when staining and washing. Any indentations/prints will be silver stained and potentially obscure the bands.
Recipes
Crude wall teichoic acid (WTA) extraction for PAGE 11. Fill the chamber with 2 M NaCl to minimize headspace and securely cap it.
12. Tightly screw into the cooling chamber filled with ice water and let it chill for at least 5 min.
13. Beat 4 cycles at 2.5 min each with at least 5-10 min cooling in between.
14. Allow the beads to settle and carefully pipet the lysate into as many 50 ml Oak Ridge tubes as necessary.
15. Add 10 ml of 2 M NaCl to the beads and pulse for 10 s to wash the beads. 36. Centrifuge at 5,500 x g for 30 min at room temperature.
37. Suspend the pellet in 2 ml of 95% EtOH and transfer to a 2 ml microcentrifuge tube.
38. Centrifuge at 16,000 x g for 5 min to collect WTA. 3078 39. Wash the Oak Ridge tube with of 2 ml of 95% EtOH and combine in the 2 ml microcentrifuge tube to collect residual WTA by centrifuging at 16,000 x g for 5 min.
40. Wash the WTA pellet by resuspending in 2 ml of 95% ethanol and centrifuging.
41. Repeat for a total of 5 times.
42. Allow the ethanol to completely evaporate.
43. Suspend the pellet in 500 μl of MilliQ dH2O.
44. Transfer into a pre-weighed 1.7 ml microcentrifuge tube. 45 . Freeze in a dry ice bath or at -80 °C and freeze-dry to yield a white powder. 24. Centrifuge at 30,000 x g, 4 °C for 45 min to pellet insoluble debris.
25. Extract the lower aqueous phase containing LTA into 50 ml centrifuge tubes.
26. Centrifuge at 6,000 x g for 10 min to remove debris.
27. Extract and combine the supernatants in a freeze-dryer flask.
28. Flash-freeze in a dry ice bath. 
